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Vertical Geometry InGaN LED 

Field of the Invention 
This invention relates to light emitting diodes (LEDs) formed from Group III 
5 nitrides (z.e.. Group III of the Periodic Table of the Elements), and in particular relates 
to LEDs that incorporate indium gallium nitride (InGaN) quantum wells as the active 
portion to produce output in the red to ultraviolet portions, and particularly the green 
to ultraviolet portions, of the electromagnetic spectrum. 

Backgrou nd of the Invention 

10 Light emitting diodes ("LEDs") are p-n junction devices that have been found 

to be useful in various roles as the field of optoelectronics has grown and expanded 
over the years. Devices that emit in the visible portion of the electromagnetic 
spectmm have been used as simple status indicators, dynamic power level bar graphs, 
and alphanumeric displays in many applications, such as audio systems, automobiles, 

15 household electronics, and computer systems, among many others. Infrared devices 
have been used in conjunction with spectrally matched phototransistors in 
optoisolators, hand-held remote controllers, and intemiptive, reflective, and fiber- 
optic sensing applications. 

An LED operates based on the recombination of electrons and holes in a 

20 semiconductor. When an electron carrier in the conduction band combines with a 
hole in the valence band, it loses energy equal to the bandgap in the form of an 
emitted photon; i.e., light. The number of recombination events under equilibrium 
conditions is insufficient for practical applications but can be enhanced by increasing 
the minority carrier density. 

25 In an LED, the minority carrier density is conventionally increased by forward 

biasing the diode. The injected minority carriers radiatively recombine with the 
majority carriers within a few diffusion lengths of the junction edge. Each 
recombination event produces electromagnetic radiation, /.e., a photon. Because the 
energy loss is related to the bandgap of the semiconductor material, the bandgap 

30 characteristics of the LED material have been recognized as being important. 

As with other electronic devices, however, there exists both the desire and the 
need for more efficient LEDs, and in particular, LEDs that will operate at higher 
intensity while using less power. Higher intensity LEDs, for example, are particularly 
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useful for displays or status indicators in various high ambient environments. There 
also is a relation between intensity output of the LED and the power required to drive 
the LED. Low power LEDs, for example, are particularly useful in various portable 
electronic equipment applications. An example of an attempt to meet this need for 
5 higher intensity, lower power, and more efficient LEDs may be seen with the 
development of the AlGaAs LED technology for LEDs in the red portions of the 
visible spectrum. A similar continual need has been felt for LEDs that will emit in the 
green, blue and ultraviolet regions of the visible spectrum. For example, because blue 
is a primary color, its presence is either desired or even necessary to produce full 

10 color displays or pure white light. 

The common assignee of the present patent application was the first in this 
field to successfully develop commercially viable LEDs available in large quantities 
and that emitted light in the blue color spectrum. These LEDs were formed in silicon 
carbide; and examples are described in U.S. Pat. Nos. 4,918,497 and 5,027,168 to 

15 Edmond each titled "Blue Light Emitting Diode Fomied in Silicon Carbide." 

Other examples of such a blue LED are described in U.S. Pat. No. 5,306,662 
to Nakamura et al. titled "Method of Manufacturing P-Type Compound 
Semiconductor" and U.S. Pat. No. 5,290,393 to Nakamura titled "Crystal Growth 
Method for Gallium Nitride-Based Compound Semiconductor." U.S. Pat. No. 

20 5,273,933 to Hatano et al. titled "Vapor Phase Growth Method of Forming Film in 
Process of Manufacturing Semiconductor Device" also describes LEDs formed of 
GalnAlN on SiC substrates and Zinc Selenide (ZnSe) on gallium arsenide (GaAs) 
substrates. 

General discussions of LED technology can be found at Dorf, The Electrical 
25 Engineering Handbook, 2d Ed. (1997, CRC Press), at pages 1915-1925, section 83.1, 
"Light Emitting Diodes," and in Sze, Physics of Semiconductor Devices, at pages 681 
fif. Chapter 12, "LED and Semiconductor Lasers" (1981, John Wiley & Sons, Inc.). 

As known to those familiar with photonic devices such as LEDs, the 
frequency of electromagnetic radiation (/.e., the photons) that can be produced by a 
30 given semiconductor material are a function of the material's bandgap. Smaller 
bandgaps produce lower energy, longer wavelength photons, while wider bandgap 
materials are required to produce higher energy, shorter wavelength photons. For 
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example, one semiconductor commonly used for lasers is indium galliimi aluminum 
phosphide (InGaAlP), Because of this material's bandgap (actually a range of 
bandgaps depending upon the mole or atomic fraction of each element present), the 
light that InGaAlP can produce is limited to the red portion of the visible spectrum, 
5 z.e., about 600 to 700 nanometers (nm). 

Working backwards, in order to produce photons that have wavelengths in the 
blue or ultraviolet portions of the spectrum, semiconductor materials are required that 
have relatively large bandgaps. Typical candidate materials include silicon carbide 
(SiC) and Group HI nitrides, particularly gallium nitride (GaN), and ternary and 

10 tertiary Group III nitrides such as alimiinum gallium nitride (AlGaN), indium gallium 
nitride (InGaN), and aliuninum indium gallium nitride (AlInGaN). 

Shorter wavelength LEDs offer a number of advantages in addition to color. In 
particular, when used in optical storage and memory devices (e.g., "CD-ROM" or 
"optical disks"), their shorter wavelengths enable such storage devices to hold 

15 proportionally more information. For example, an optical device storing information 
using blue light can hold approximately 4 times as much information as one using red 
light, in the same space. 

The Group III nitrides, however, are attractive LED candidate material for 
green, blue, and UV frequencies because of their relatively high bandgaps (/.e., GaN 

20 is 3.36 eV at room temperature) and because they are direct bandgap materials rather 
than an indirect bandgap material. As known to those familiar with semiconductor 
characteristics, a direct bandgap material is one in which an electron's transition from 
the valence band to the conduction band does not require a change in crystal 
momentum for the electron. In indirect semiconductors, the alternative situation 

25 exists; /.e., a change of crystal momentum is required for an electron's transition 

between the valence and conduction bands. Silicon and silicon carbide are examples 
of such indirect semiconductors. 

Generally speaking, LEDs formed in direct bandgap materials will perform 
more efficiently than ones formed in indirect bandgap materials because the photon 

30 from the direct transition retains more energy than one from an indirect transition. 

The Group III nitrides suffer from a different disadvantage, however: the 
failure to date of any workable technique for producing bulk single crystals of Group 
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III nitrides which could form appropriate substrates for Group III nitride photonic 
devices. As is known to those familiar with semiconductor devices, they all require 
some sort of structural substrate. Typically, a substrate formed of the same materials 
as the active region of a device offers significant advantages, particularly in crystal 
5 growth and matching. Because Group III nitrides have yet to be formed in such bulk 
crystals, however. Group III nitride photonic devices must be formed in epitaxial 
layers on different — i.e., other than Group III nitride — substrates. 

Using different substrates, however, causes an additional set of problems, 
mostly in the areas of crystal lattice matching and thermal coefficients of expansion 

10 (TCEs). In almost all cases, different materials have different crystal lattice 

parameters and TCEs. As a result, when Group III nitride epitaxial layers are grown 
on a different substrate, some crystal mismatch will occur, and the resulting epitaxial 
layer is referred to as being either **strained*' or "compressed" by these mismatches. 
Such mismatches, and the strain they produce, carry with them the potential for 

15 crystal defects which in turn affect the electronic characteristics of the crystals and the 
junctions, and thus correspondingly tend to degrade or even prevent the perfomiancc 
of the photonic device. Such defects are even more problematic in higher power 
structures. 

To date, a common substrate for Group HI nitride devices has been sapphire; 

20 i.e., aluminum oxide (AI2O3). Sapphire is optically transparent in the visible and UV 
ranges, but is unfortunately insulating rather than conductive, and carries a lattice 
mismatch with (for example) gallium nitride of about 16%. In the absence of a 
conductive substrate, "vertical" devices (those v/ith contacts on opposite sides) cannot 
be formed, thus complicating the manufacture and use of the devices. 

25 As a particular disadvantage, horizontal structures (those with contacts on the 

same side of the device), such as those required when Group III nitride layers are 
formed on sapphire, also produce a horizontal flow of current and therefore the 
current density through the layer is substantially increased. This horizontal current 
flow puts an additional strain on the already-strained (e.g., a 16% lattice mismatch 

30 between GaN and sapphire) stmcture and accelerates the degradation of the junction 
and the device as a whole. 
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Gallium nitride also carries a lattice mismatch of about 2.4% with aluminum 
nitride (AIN) and a 3.5% mismatch with silicon carbide. Silicon carbide has a 
somewhat lesser mismatch (only about 1%) with aluminum nitride. 

Object and Summary of the Invention 
Therefore, it is an object of the present invention to provide an improved 
brightness light emitting diode that takes advantage of the light emitting 
characteristics of indium galliiun nitride along with the advantages of silicon carbide 
substrate. 

The invention meets this object with a vertical geometry light emitting diode 
that is capable of enritting light in the red, green, blue, violet, and ultraviolet portions 
of the electromagnetic spectmm. The light emitting diode comprises a conductive 
silicon carbide substrate, an indium gallium nitride quantum well, a conductive buffer 
layer between the substrate and the quantum well, respective undoped gallium nitride 
layer on each surface of the quantum well, and ohmic contacts to the device in a 
vertical geometry orientation. 

In another aspect, the invention is a vertical geometry light emitting diode 
formed of an n-type silicon carbide substrate, a conductive buffer layer on the 
substrate, a first layer of gallium nitride on the conductive buffer layer that is n-type, a 
second layer of gallium nitride on the first gallium nitride layer that is undoped, an 
indium gallium nitride quantum well on the second gallium nitride layer, a third layer 
of gallium nitride on the quantimi well that is undoped, a first layer of aluminum 
gallium nitride on th&third gallium nitride layer that is undoped, a second layer of 
aluminum gallium nitride that is p-type on the first aluminum gallium nitride layer, a 
fourth gallium nitride layer that is p-type on the second alimiinum gallium nitride 
layer, an ohmic contact to the substrate, and an ohmic contact to the fourth gallium 
nitride layer. 

The foregoing and other objects and advantages of the invention will become 
clearer when taken in conjimction with the detailed description and the accompanying 
drawings in which: 

Brief Description of the Dra wtngs 
Figure 1 is a cross-sectional diagram of a light emitting diode according to the 
present invention; 
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Figure 2 is a comparative plot of the quantum efficiency of diodes according 
to the present invention and those of prior devices; 

Figure 3 is a plot of dominant wavelength versus forward current and 
comparing light emitting diodes of the present invention with those formed on 
5 sapphire substrates; 

Figure 4 is a plot of the full width at half maximum versus wavelength for 
diodes according to the present invention compared to those fomied on sapphire; and 

Figures 5 and 6 are plots of the current versus voltage characteristics of two 
diodes according to the present invention. 
10 Detailed Description 

The present invention is a vertical geometry light emitting diode that is 
capable of emitting light in the red, green, blue, violet, and ultraviolet portions of the 
electromagnetic spectrum. As used herein, the phrase ^Vertical geometry" refers to 
the characteristic in which ohmic contacts to a device can be placed on opposite 
15 surfaces of the structure. Such geometry allows appropriate metal contacts and wire 
leads (including wire leads in microprocessors and printed circuits) to be more easily 
made to the device, as opposed to those in which the anode and cathode must be 
placed on the same surface of the device. Figure 1 illustrates the device broadly 
designated at 10, which in its broadest aspects comprises the conductive silicon 
20 carbide substrate 1 1, an indium gallium nitride quantum well 12, a conductive buffer 
layer 13 between the substrate 1 1 and the quantum well 12, respective undoped 
gallium nitride layers 14 and IS on each surface of the quantum well 12, and ohmic 
contacts 16 and 17 in a vertical geometry orientation. 

The silicon carbide substrate 1 1 is preferably selected from among the 3C, 4H, 
25 6H, and 15R polytypes, and most preferably is the 6H polytype. The substrate is most 
preferably formed according to the growth techniques set forth in commonly assigned 
(or licensed) U.S. Patents No. Re. 34,861 (4,866,005). 

The conductive buffer 13 is preferably formed to have the structure, and 
incorporating the methods, set forth in co-pending and commonly assigned pending 
30 International Application No. PCT/US98/21 1 60 (International Publication No. 

WO 99/18617), "Group HI Nitride Photonic Devices on Silicon Carbide Substrates 
with Conductive Buffer Interlayer Structure." 
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As noted above, a silicon carbide substrate has a better lattice match with 
Group in nitrides than does sapphire. Furthermore, Group III nitrides are in tension 
on silicon carbide whereas they are in compression on sapphire. As used in this art, 
**tension" refers to the relationship in which the coefficient of thermal expansion of an 
5 epitaxial layer is higher than that of its substrate. "Compression" refers to the 

alternative relationship in which the coefficient of thermal expansion of an epitaxial 
layer is lower than that of its substrate. As between Group EI nitride layers and 
silicon carbide substrates, the differences in the lattice constants (those of the nitrides 
are higher than those of silicon carbide) add to the compression, but the overall 
10 tension tends to be dominated by the respective coefficients of thermal expansion. In 
this regard, there are abnost no reports of InGaN growth on an epilayer that is under 
tension. 

As known to those famiUar with electronic stmctures, a quantum well is 
typically formed of one or several thin layers of a semiconductive material that has 

15 active layers that are very thin. In particular, when the thickness of the active layer is 
reduced to the order of the deBrogUe wavelength of the carrier, the result is a series of 
discrete energy levels that have the bound state energies of a finite square well. See, 
Sze Physics of Semiconductor Devices^ 2d Ed. (1981) at pp. 127 and 729. As 
recognized by those familiar with such structures, the use of single or multiple 

20 quantum wells increases the electron density in the desired transitions and thus 
produces increased brightness in the resulting emissions. 

Taken in more detail, the silicon carbide substrate 11 is n-type, and a first 
layer of n-type galliimi nitride 20, typically doped with silicon, is on the conductive 
buffer layer 13 and borders the (second) undoped layer of gallium nitride 14 referred 

25 to above. 

The preferred structure also includes a first layer of undoped aluminum 
gaUium nitride 21 on the other undoped gallium nitride layer 15 which is the third 
gallium nitride layer overall. A second layer of aluminum gallium nitride 22 that is p- 
type (preferably doped with magnesium) is on the first undoped layer 21 . A p-type 
30 gallium nitride layer 23, the fourth gallium nitride layer overall, completes the device 
and is preferably doped with magnesium. As Figure 1 illustrates, an ohmic contact 16 
is made to the conductive silicon carbide substrate and another ohmic contact 17 is 
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made to the p-type gallium nitride layer 23. In preferred embodiments, the ohmic 
contact 16 to the substrate 1 1 comprises nickel (Ni) and the ohmic contact 17 to the p- 
type gallium nitride layer 23 is formed of platinum (Pt). Other metals can be used for 
the ohmic contacts provided, of course, that they have the appropriate ohmic 
5 characteristics with respect to the layers they contact, and that they provide an 
appropriate chemical and physical attachment to the respective layers. 

In preferred embodiments, the indium galliimi nitride quantum well 12 is 
intrinsically n-type, and can comprise a single (SQW) or a multiple quantum well 
(MQW). 

10 Each of the layers offers particular advantages in the overall structure of the 

invention. As noted above, the n-type silicon carbide substrate has a much higher 
thermal conductivity than sapphire, provides a much better lattice match with Group 
III nitrides than does sapphire, and its conductive characteristics make it ideal for a 
vertical device. 

15 The conductive buffer layer 13 serves the purposes set forth in WO 99/18617, 

as referred to above. In its basic function, the conductive buffer layer 1 3 provides an 
advantageous crystal transition from the silicon carbide substrate to the gallium 
nitride layers 20 and 14, and its conductive characteristics complement and enable the 
vertical geometry of the device. 

20 The first galliiun nitride layer 20, together with the conductive buffer 13, have 

a total thickness of about 1 .8 microns. The conductive buffer layer 13 and the gallium 
nitride layer 20 are preferably grown under a hydrogen (H2) atmosphere at a 
temperature of about 1040°C in preferred circumstances. The n-type gallium nitride 
layer 20 should be thick enough to minimize defects propagated from the interface 

25 between the silicon carbide substrate 1 1 and the conductive buffer 13, and to planarize 
the overall surface. If the layer is too thin, it empirically appears to affect the 
wavelength uniformity of the device. 

The undoped gallium nitride layer 14, which in the preferred embodiment is 
the second gallium nitride layer overall, has been. demonstrated to increase the 

30 brightness and the emission uniformity of the device. Although this remains an 
empirical result to date, and applicants do not wish to be bound by any particular 
theory, it appears that the undoped gallium nitride layer 14 (which is grown imder a 
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nitrogen atmosphere) tends to trap or bury hydrogen so that it does not later affect the 
InGaN quantum well which must be isolated from nitrogen. The use of the undoped 
gallium nitride layer 14 also eHminates any growth stop that would otherwise be 
required because it is grown in the same nitrogen (N2) atmosphere in which the 

5 InGaN quantum well is later grown. When a growth stop is scheduled during the 
manufacture of these types of devices, the interface between the layers grown before 
and after the stop can tend to degrade. 

Alternatively, the undoped gallium nitride layer 14 may simply help release 
the strain that has been built up between the silicon carbide substrate and the Group 

10 in nitride layers thereon. As noted above, the undoped gallium nitride layer 14 is 

grown under a nitrogen atmosphere (as opposed to the n-type predecessor layer 20 of 
gallium nitride that was grown under a hydrogen atmosphere) and preferably at 
temperatures of between about 750** and SOO^'C to a total thickness of about 200 
angstroms. 

15 The indium gallium nitride quantum well 12 can be a single or multiple 

quantum wells and is typically grown to a thickness of between about 20 and 30 
angstroms at temperatures of between about 750° and 800*^C under the same nitrogen 
atmosphere as the vmdoped gallium nitride layer 14. The quantum well is, of course, 
the active layer of the device and produces the desired output. From a functional 

20 standpoint, the quantum well 12 should be "pseudomorphic" or "metastable"; thin 
enough to avoid crystal defects that would tend to appear in thicker layers of the 
otherwise similar or identical material. 

As well known to those familiar with Group in nitrides, the band structure and 
thus the emission of the quantum well differs depending upon the amount of indium 

25 in the temary compound, see e.g., U.S. Patent No. 5,684,309 at Figures 10 and 1 1 and 
Column 7, lines 19-42, which are illustrative, but not limiting, of this characteristic. 
For blue LEDs, the mole fraction of indium is about 35 percent while for green LEDs 
the mole fraction of indium is somewhat higher, preferably between about 50 and 55 
percent. The devices can thus be designed to emit at specific wavelengths by 

30 controlling the mole fraction (or mole percentage) of indium in the ternary InGaN 
compound. Larger fractions of indium tend to be more unstable than smaller 
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fractions, however, and thus this characteristic is typically considered in selecting a 
desired or optimum composition for the quantum well(s). 

The third overall gallium nitride layer 15 is the other undoped gallium nitride 
layer bordering the quantum well 12 and serves to protect the InGaN quantum well 12 
from any exposure to hydrogen or high temperatures during the crystal growth 
processes. The upper undoped gallium nitride layer 1 5 is likewise grown in a 
nitrogen atmosphere for the purpose of protecting the quantum well 12 from exposure 
to hydrogen. Additionally, the galUum nitride layer 15 protects the InGaN quantum 
well 12 from exposure to high temperatures, it being recognized that at about 950°C 
or above, InGaN decomposes. 

The undoped aluminimi gallium nitride layer 21 has a generally higher crystal 
quality than doped AlGaN and along with the undoped gallium nitride layer 15 helps 
protect the InGaN quantvun well from exposure to either higher than desired 
temperatures or exposure to hydrogen. The undoped AlGaN layer 21 is grown in a 
nitrogen atmosphere. 

In general, a hydrogen atmosphere produces higher quality layers of GaN and 
AlGaN, but affects InGaN detrimentally. Thus, wherever possible, growth is carried 
out in the hydrogen atmosphere, changing to the nitrogen atmosphere to successfully 
grow the InGaN quantum well and its adjacent layers. 

Both the undoped gallium nitride layer 15 and the undoped aluminum gallium 
nitride layer 21 are relatively thin. The gallium nitride layer 15 is on the order of 20- 
30 angstroms and is grown at a temperature of between about 750*" and SOO^'C. The 
imdoped aluminum gallium nitride layer 21 has a thickness of between about 30 and 
50 angstroms, and is grown at temperatures of about 800° to 850°C. 

The p-type aluminum gallium nitride layer 22 is somewhat thicker, on the 
order of about 200 angstroms and is grown in a hydrogen atmosphere at temperatures 
above about 900°C. It provides a high-quality crystal layer to the overall structure 
and provides the holes that are injected into the quantum well to produce the desired 
emission. Finally, the p-type gallium nitride contact layer 23 provides a more 
convenient material for the ohmic contact 1 7. As known to those familiar with these 
materials, making an appropriate ohmic contact to aluminum gallium nitride is at least 
difficult, and in many cases impossible. 
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The growth gases for the various layers are straightforward. Silane (SiH4) 
trimethylgallium ((CH3)3Ga) and ammonia (NH3) are used to form the n-type gallium 
nitride layer 20. Triethylgallium ((C2H5)3Ga) can be used in place of 
trimethylgallium as may be desired. Similarly, indium and aluminum are provided 
5 using trimethylindium ((CH3)3ln) or trimethylaluminimi ((CH3)3A1) as the source 
gases. Ammonia is likewise the preferred source gas for the nitrogen for each of the 
layers. 

As noted above, in the preferred embodiments, the conductive buffer layer 13 
and the first GaN layer 20 are grown in a hydrogen atmosphere that facilitates their 

10 growth and desired characteristics. This growth under H2 is indicated by the arrow 25 
in Figure 1 . The second GaN layer 14, the InGaN quantum well 12, the third GaN 
layer 15, and the first AlGaN layer 21 are then grown under a nitrogen atmosphere 
and preferably without a growth stop. Finally, the second AlGaN layer 22 and the 
fourth GaN layer 23 are grown under a hydrogen atmosphere, and again preferably 

15 without a growth stop. In this manner, the InGaN quantum well 12 as well as the 

layers bordering it are all grown without a growth stop, because the changeover from 
hydrogen to nitrogen atmosphere occurs at the undoped GaN layer 14, and the 
corresponding changeover from nitrogen back to hydrogen occurs after the undoped 
AlGaN layer 21. As known to those familiar with crystal growth — and specifically 

20 CVD epitaxial growth — techniques, the continuous growth process tends to produce 
noticeably better interfaces between epitaxial layers than do growth processes that 
include stops. In this manner, the stracture of the LED according to the invention 
enhances the growth technique and the continuous growth technique enhances the 
resulting performance of the LED. 

25 In preferred embodiments, the siUcon carbide substrate 1 1 is "back 

implanted." As background, temperatures of 930°C (at least) are required to obtain an 
ohmic contact on n-type silicon carbide that is typically doped at between about 6E1 7 
and 2E18 in LEDs. Such temperatures do not generally adversely affect gallium 
nitride, but tend to degrade or destroy the indium gallium nitride quantum well 12. 

30 Accordingly, in order to obtain a good ohmic contact to silicon carbide at lower 
temperatures, the silicon carbide substrate 1 1 is highly doped on the back side, a 
technique that enables an appropriate ohmic contact to be formed at temperatures of 
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as low as 800^C with the expectation being that temperatures as low as TSO^'C can 
similarly be obtained. 

The highly doped back side of the silicon carbide substrate 1 1 is preferably 
doped by ion implantation, although other techniques such as a laser anneal or even a 
5 thin epitaxial layer (which can be impractical under many circumstances) could also 
be used. By way of example rather than limitation, the silicon carbide substrate 1 1 is 
normally doped at about 1.2E18(1.2xlO'^ cm'^), and the implanted part reaches a 
concentration of about 1 E 20 (1 x 10^^ cm"*'). 

Accordingly, in another aspect, the invention comprises the method of 

10 producing the vertically oriented light emitting diode of the invention. In this aspect, 
the invention comprises successively growing a conductive buffer layer and an n-type 
gallium nitride layer in a hydrogen atmosphere on an n-type silicon carbide substrate. 
Thereafter, successive layers are grown of thin undoped gallium nitride, the indium 
gallium nitride quantum well, a second thin layer of undoped gallium nitride, and a 

15 thin layer of undoped aluminum gallium nitride in a nitrogen atmosphere. The 

technique is completed by thereafter successively growing a layer of p-type aluminum 
gallium nitride and a layer of p-type gallium nitride in a hydrogen atmosphere. The 
ohmic contacts can then be added to the p-type gallium nitride layer and to the silicon 
carbide substrate with preferred embodiments including the step of increasing the 

20 doping of the silicon carbide substrate at the portion where the ohmic contact is added 
in the manner just described; i.e., preferably by ion implantation. The sources gases 
are those mentioned above. 

As indicated by the source gases, the preferred technique for growth of these 
layers is chemical vapor deposition (CVD). Such techniques are very well understood 

25 in this art. The nature of CVD, and of individual CVD equipment, is nevertheless 

such that individual gas flow rates, temperatures, reactor pressures, time periods, and 
otiier process parameters must generally be determined based upon particular 
equipment and circumstances. Given the composition of the layers as described 
herein, including the thicknesses of each layer, and the preferred growth temperature 

30 ranges, those of ordinary skill in this art will be able to replicate the disclosed process 
and the resulting structure without undue experimentation. 



wo 00/21 144 . PCTAJS99/21362 

13 

Figures 2 through 6 illustrate some of the demonstrated advantages of diodes 
designed and manufactured according to the present invention. Figure 2 illustrates 
that the quantum efficiency of LEDs according to the present invention are at least as 
good as several others formed on sapphire substrates. Furthermore, the vertical 
5 device provides a much smaller chip than do equivalent sapphire based devices, while 
producing the same output. For example, sapphire based devices evaluated for 
comparative purposes herein (e.g. Figures 2, 3, and 4) are 14 mil x 14 mil (196 miP) 
while those according to the present invention (and providing the same brightness) are 
10 mil X 10 mil (100 mil^); i.e. only 57 percent as large. 

10 Figure 3 illustrates that LEDs according to the present invention maintain a 

more consistent color over a range of forward currents than do devices formed on 
sapphire. As Figure 3 shows, the sapphire-based LEDs tend to emit in or near the 
yellow portion of the spectrum at low forward current (e.g., 544 nm at 2 milliamps) 
while the LEDs according to the invention remain in the green region (53 1 nm at 2 

15 mA). 

Figure 4 shows that SiC-based LEDs according to the present invention 
exhibit narrower emissions (purer colors) at desired wavelengths; i.e., at each 
measured wavelength, the full width at half maximum (FWHM) for the SiC-bascd 
LEDs is at least about 5nm less than that of the sapphire-based diodes. 

20 Figures 5 and 6 show that both green (525 imi) and blue (470 nm) LEDs 

according to the present invention provide excellent current characteristics under 
forward bias voltage. 

In use,.the diodes of the present invention can be used to provide both pixels 
and displays that incorporate red, green and blue LEDs. 

25 In the drawings and specification, there have been disclosed typical 

embodiments of the invention, and, although specific terms have been employed, they 
have been used in a generic and descriptive sense only and not for purposes of 
limitation, the scope of the invention being set forth in the following claims. 
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Claim?: 

1 . A vertical geometry light emitting diode that is capable of emitting hght in 
the red, green, blue, violet and ultraviolet portions of the electromagnetic spectrum, 
said light emitting diode comprising: 

5 a conductive silicon carbide substrate; 

an InGaN quantum well; 

a conductive buffer layer between said substrate and said quantum well; and 
a respective undoped gallium nitride layer on each surface of said quantum 
well; and 

10 ohmic contacts in a vertical geometry orientation. 

2. A vertical geometry light emitting diode according to Claim 1 and further 
comprising a doped layer of gallium nitride between said buffer and said undoped 
gallium nitride layer. 

15 

3. A vertical geometry light emitting diode according to Claim 2 and further 
comprising: 

an undoped layer of alimiinum gallium nitride on the surface of said undoped 
gallium nitride layer on said quantum well that is opposite from said substrate and 
20 buffer; and 

a doped layer of aluminiun gallium nitride on said undoped aluminum gallium 
nitride layer. 

4. A vertical geometry light emitting diode according to Claim 3 and further 
25 comprising a doped gallium nitride layer on said doped aluminum gallium nitride 

layer. 

5. A vertical geometry light emitting diode according to Claim 4 wherein: 
said substrate, said buffer layer and said gallium nitride layer adjacent said 

30 buffer are all n-type; and 

said doped layer of aluminum gallium nitride and doped layer of gallium 
nitride thereon are p-type. 
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6. A vertical geometry light emitting diode that is capable of emitting light in 
the red, green, blue, violet and ultraviolet portions of the electromagnetic spectrum, 
said light emitting diode comprising: 

an n-type silicon carbide substrate; 

an n-type conductive buffer layer on said substrate; 

a first layer of gallium nitride on said conductive buffer layer that is n-type; 
a second layer of gallium nitride on said first gallium nitride layer that is 
undoped; 

an indium gallium nitride quantum well on said second gallium nitride layer; 
a third layer of gallium nitride on said quantum well that is undoped; 
a first layer of aluminum gallium nitride on third gallium nitride layer that is 
undoped; 

a second layer of alimiinimi galliimi nitride layer that is p-type on said first 
aluminum gallium nitride layer; 

a fourth gallium nitride layer that is p-type on said second aluminum gallium 
nitride layer; 

an ohmic contact to said substrate; and 

an ohmic contact to said gallium nitride layer. 

7. A vertical geometry light emitting diode according to Claim 6 wherein said 
ohmic contact to said substrate comprises nickel and said ohmic contact to said p-type 
gallium nitride layer is platinum. 

8. A vertical geometry light emitting diode according to Claim 6 wherein said 
conductive buffer layer is n-type aluminum gallium nitride. 

9. A vertical geometry light emitting diode according to Claim 6 wherein said 
quantum well is intrinsically n-type. 

10. A vertical geometry light emitting diode according to Claim 1 or Claim 6 
wherein said quantum well is a multiple quantum well. 
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1 1. A vertical geometry light emitting diode according to Claim 6 wherein 
said first gallium nitride layer is doped with silicon. 

12. A vertical geometry light emitting diode according to Claim 6 wherein 
5 said fourth gallium nitride layer and said second aluminum gallium nitride layer are 

doped with magnesium. 

13. A pixel that includes a light emitting diode according to Claim 1 or Claim 

6. 

10 

14. A display that includes a plurality of pixels according to Claim 13. 

15. A light emitting diode comprising: 
a silicon carbide substrate; and 

15 an active layer formed of an indium gallium nitride quantum well; 

characterized by a combination of peak emission and full width at half 
maximum selected from the group consisting of: 

(1) 470 nanometers with a full width at half maximum of 25 nanometers or 

less, 

20 (2) 505 nanometers with a full width at half maximum of 29 nanometers or 

less, and 

(3) 525 nanometers with a full width at half maximum of 35 nanometers or 

less. 

25 16. A light emitting diode comprising: 

a silicon carbide substrate; and 

an active layer formed of an indium gallium nitride quantum well; 

characterized by a combination of dominant wavelenght and forward current 
selected from the group consisting of: 
30 (1) a dominant wavelength of 531 nanometers at a forward current of 2 

milliamps. 
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(2) a dominant wavelength of 529 nanometers at a forward current of 5 
milliamps, 

(3) a dominant wavelength of 527 nanometers at a forward current of 10 
milliamps, 

(4) a dominant wavelength of 525 nanometers at a forward current of 20 
milliamps, and 

(5) a dominant wavelength of 523 nanometers at a forward current of 30 
milliamps. 
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(57) Abstract 



A vertical geometry light emitting diode is disclosed that is capable of emitting light in the red. green, blue, violet and ultraviolet 
portions of the electromagnetic spectrum. The light emitting diode includes a conductive silicon carbide substrate, an InGaN quantum well 
a conductive buffer layer between the substrate and the quantum well, a respective undoped gallium nitride layer on each surface of the 
quantum well, and ohmic contacts in a vertical geometry orientation. 
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(57) Abstract 



A vertical geometry light emitting diode is disclosed that is capable of emitting light in the red, green, blue, violet and ultraviolet 
portions of the electromagnetic spectrum. The light emitting diode includes a conductive silicon carbide substrate, an InGaN quantum well, 
a conductive buffer layer between the substrate and the quantum well, a respective undoped gallium nitride layer on each surface of the 
quantum well, and ohmic contacts in a vertical geometry orientation. 
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Vertical Geometry InGaN LED 

FmhJy PF THE INVPNTIQN 
This invention relates to light emitting diodes (LEDs) formed from Group III 
5 nitrides (i.e.. Group III of the Periodic Table of the Elements), and in particular relates 
to LEDs that incoiporate indium gallium nitride (InGaN) quantum wells as the active 
portion to produce output in the red to ultraviolet portions, and particularly the green 
to ultraviolet portions, of the electromagnetic spectrum. 

Background of the Invention 

10 Light emitting diodes ("LEDs") are p-n junction devices that have been found 

to be useful in various roles as the field of optoelectronics has grown and expanded 
over the years. Devices that emit in the visible portion of the electromagnetic 
spectrum have been used as simple status indicators, dynamic power level bar graphs, 
and alphanumeric displays in many applications, such as audio systems, automobiles, 

15 household electronics, and computer systems, among many others. Infrared devices 
have been used in conjunction with spectrally matched phototransistors in 
optoisolators, hand-held remote controllers, and interruptive, reflective, and fiber- 
optic sensing applications. 

An LED operates based on the recombination of electrons and holes in a 

20 semiconductor. When an electron carrier in the conduction band combines with a 
hole in the valence band, it loses energy equal to the bandgap in the form of an 
emitted photon; Le.y light. The number of recombination events under equilibrium 
conditions is insufficient for practical applications but can be enhanced by increasing 
the minority carrier density. 

25 In an LED, the minority carrier density is conventionally increased by forward 

biasing the diode. The injected minority carriers radiatively recombine with the 
majority carriers within a few diffiision lengths of the junction edge. Each 
recombination event produces electromagnetic radiation, i.e., a photon. Because the 
energy loss is related to the bandgap of the semiconductor material, the bandgap 

30 characteristics of the LED material have been recognized as being important. 

As with other electronic devices, however, there exists both the desire and the 
need for more efficient LEDs, and in particular, LEDs that will operate at higher 
intensity while using less power. Higher intensity LEDs, for example, are particularly 
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useful for displays or status indicators in various high ambient environments. There 
also is a relation between intensity output of the LED and the power required to drive 
the LED. Low power LEDs, for example, are particularly useful in various portable 
electronic equipment applications. An example of an attempt to meet this need for 
5 higher intensity, lower power, and more efficient LEDs may be seen with the 
development of the AlGaAs LED technology for LEDs in the red portions of the 
visible spectrum. A similar continual need has been felt for LEDs that will emit in the 
green, blue and ultraviolet regions of the visible spectrum. For example, because blue 
is a primary color, its presence is either desired or even necessary to produce full 

10 color displays or pure white light. 

The common assignee of the present patent application was the first in this 
field to successfully develop commercially viable LEDs available in large quantities 
and that emitted light in the blue color spectrum. These LEDs were formed in silicon 
carbide; and examples are described in U.S. Pat. Nos. 4,918,497 and 5,027,168 to 

15 Edmond each titled "Blue Light Emitting Diode Formed in Silicon Carbide.'* 

Other examples of such a blue LED are described in U.S. Pat. No. 5,306,662 
to Nakamura et al. titled "Method of Manufactxuing P-Type Compoimd 
Semiconductor" and U.S. Pat. No. 5,290,393 to Nakamura titled "Crystal Growth 
Method for Gallium Nitride-Based Compound Semiconductor." U.S. Pat. No. 

20 5,273,933 to Hatano et al. titled "Vapor Phase Growth Method of Forming Film in 
Process of Manufacturing Semiconductor Device" also describes LEDs formed of 
GalnAlN on SiC substrates and Zinc Selenide (ZnSe) on gallium arsenide (GaAs) 
substrates. 

General discussions of LED technology can be found at Dorf, The Electrical 
25 Engineering Handbook, 2d Ed. (1997, CRC Press), at pages 1915-1925, section 83.1, 
"Light Emitting Diodes," and in Sze, Physics of Semiconductor Devices, at pages 681 
ff. Chapter 12, "LED and Semiconductor Lasers" (1981, John Wiley & Sons, Inc.). 

As known to those familiar with photonic devices such as LEDs, the 
frequency of electromagnetic radiation (z.e., the photons) that can be produced by a 
30 given semiconductor material are a function of the material's bandgap. Smaller 
bandgaps produce lower energy, longer wavelength photons, while wider bandgap 
materials are required to produce higher energy, shorter wavelength photons. For 
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example, one semiconductor conmionly used for lasers is indium gallium aluminum 
phosphide (InGaAlP). Because of this materiars bandgap (actually a range of 
bandgaps depending upon the mole or atomic fraction of each element present), the 
light that InGaAlP can produce is limited to the red portion of the visible spectrum, 
5 /.e., about 600 to 700 nanometers (nm). 

Working backwards, in order to produce photons that have wavelengths in the 
blue or ultraviolet portions of the spectmm, semiconductor materials are required that 
have relatively large bandgaps. Typical candidate materials include silicon carbide 
(SiC) and Group III nitrides, particularly gallium nitride (GaN), and ternary and 

10 tertiary Group HI nitrides such as aluminum gallium nitride (AlGaN), indium gallium 
nitride (InGaN), and aluminum indium gallium nitride (AUnGaN). 

Shorter wavelength LEDs offer a number of advantages in addition to color. In 
particular, when used in optical storage and memory devices (e.g., "CD-ROM" or 
"optical disks"), their shorter wavelengths enable such storage devices to hold 

15 proportionally more information. For example, an optical device storing information 
using blue light can hold approximately 4 times as much information as one using red 
light, in the same space. 

The Group III nitrides, however, are attractive LED candidate material for 
green, blue, and UV frequencies because of their relatively high bandgaps (i.e., GaN 

20 is 3.36 eV at room temperattu-e) and because they are direct bandgap materials rather 
than an indirect bandgap material. As known to those familiar with semiconductor 
characteristics, a direct bandgap material is one in which an electron's transition from 
the valence band to the conduction band does not require a change in crystal 
momentum for the electron. In indirect semiconductors, the alternative situation 

25 exists; /.e., a change of crystal momentum is required for an electron's transition 

between the valence and conduction bands. Silicon and silicon carbide are examples 
of such indirect semiconductors. 

Generally speaking, LEDs formed in direct bandgap materials will perform 
more efficiently than ones formed in indirect bandgap materials because the photon 

30 from the direct transition retains more energy than one from an indirect transition. 

The Group HI nitrides suffer from a different disadvantage, however: the 
failure to date of any workable technique for producing bulk single crystals of Group 
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ni nitrides which could fonn appropriate substrates for Group III nitride photonic 
devices. As is known to those familiar with semiconductor devices, they all require 
some sort of structural substrate. Typically, a substrate formed of the same materials 
as the active region of a device offers significant advantages, particularly in crystal 
growth and matching. Because Group III nitrides have yet to be formed in such bulk 
crystals, however. Group HI nitride photonic devices must be formed in epitaxial 
layers on different — i.e., other than Group III nitride— substrates. 

Using different substrates, however, causes an additional set of problems, 
mostly in the areas of crystal lattice matching and thermal coefficients of expansion 
(TCEs). In almost all cases, different materials have different crystal lattice 
parameters and TCEs. As a result, when Group III nitride epitaxial layers are grown 
on a different substrate, some crystal mismatch will occur, and the resulting epitaxial 
layer is referred to as being either "strained" or "compressed" by these mismatches. 
Such mismatches, and the strain they produce, carry with them the potential for 
crystal defects which in tum affect the electronic characteristics of the crystals and the 
junctions, and thus correspondingly tend to degrade or even prevent the performance 
of the photonic device. Such defects are even more problematic in higher power 
stractures. 

To date, a conmion substrate for Group HI nitride devices has been sapphire; 
i.e., aluminum oxide (AI2O3). Sapphire is optically transparent in the visible and UV 
ranges, but is unfortunately insulating rather than conductive, and carries a lattice 
mismatch with (for example) gallium nitride of about 16%. In the absence of a 
conductive substrate, ^Vertical" devices (those with contacts on opposite sides) catmot 
be formed, thus complicating the manufacture and use of the devices. 

As a particular disadvantage, horizontal structures (those with contacts on the 
same side of the device), such as those required when Group III nitride layers are 
formed on sapphire, also produce a horizontal flow of current and therefore the 
current density through the layer is substantially increased. This horizontal current 
flow puts an additional strain on the already-strained (e.g., a 16% lattice mismatch 
between GaN and sapphire) structure and accelerates the degradation of the junction 
and the device as a whole. 
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Gallium nitride also carries a lattice mismatch of about 2.4% with aluminum 
nitride (AIN) and a 3.5% mismatch with silicon carbider Silicon carbide has a 
somewhat lesser mismatch (only about 1%) with aluminimi nitride. 

Object a nd Summary of the Invrntton 

Therefore, it is an object of the present invention to provide an improved 
brightness light emitting diode that takes advantage of the light emitting 
characteristics of indium gallium nitride along with the advantages of silicon carbide 
substrate. 

The invention meets this object with a vertical geometry light emitting diode 
that is capable of emitting light in the red, green, blue, violet, and ultraviolet portions 
of the electromagnetic spectrum. The light emitting diode comprises a conductive 
silicon carbide substrate, an indium gallium nitride quantum well, a conductive buffer 
layer between the substrate and the quantum well, respective undoped gallium nitride 
layer on each surface of the quantum well, and ohmic contacts to the device in a 
vertical geometry orientation. 

In another aspect, the invention is a vertical geometry light emitting diode 
formed of an n-type silicon carbide substrate, a conductive buffer layer on the 
substrate, a first layer of gallium nitride on the conductive buffer layer that is n-type, a 
second layer of gallium nitride on the first gallium nitride layer that is undoped, an 
indium gallium nitride quantum well on the second gallium nitride layer, a third layer 
of gallium nitride on the quantum well that is undoped, a first layer of aluminum 
galliiun nitride on the third gallium nitride layer that is undoped, a second layer of 
aluminum gallium nitride that is p-type on the first aluminum gallium nitride layer, a 
fourth galliiun nitride layer that is p-type on the second aluminum galliimi nitride 
layer, an ohmic contact to the substrate, and an ohmic contact to the fourth gallium 
nitride layer. 

The foregoing and other objects and advantages of the invention will become 
clearer when taken in conjunction with the detailed description and the accompanying 
drawings in which: 

Brief Descriptio n of the Dra wtng.^ 
Figure 1 is a cross-sectional diagram of a light emitting diode according to the 
present invention; 
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Figure 2 is a comparative plot of the quantum efficiency of diodes according 
to the present invention and those of prior devices; 

Figure 3 is a plot of dominant wavelength versus forward current and 
comparing light emitting diodes of the present invention with those formed on 
sapphire substrates; 

Figure 4 is a plot of the full width at half maximum versus wavelength for 
diodes according to the present invention compared to those fomied on sapphire; and 

Figures 5 and 6 are plots of the current versus voltage characteristics of two 
diodes according to the present invention. 

Detailed Description 

The present invention is a vertical geometry light emitting diode that is 
capable of emitting light in the red, green, blue, violet, and ultraviolet portions of the 
electromagnetic spectrum. As used herein, the phrase "vertical geometry" refers to 
the characteristic in which ohmic contacts to a device can be placed on opposite 
surfaces of the structure. Such geometry allows appropriate metal contacts and wire 
leads (including wire leads in microprocessors and printed circuits) to be more easily 
made to the device, as opposed to those in which the anode and cathode must be 
placed on the same surface of the device. Figure 1 illustrates the device broadly 
designated at 10, which in its broadest aspects comprises the conductive silicon 
carbide substrate 1 1, an indium gallium nitride quantum well 12, a conductive buffer 
layer 13 between the substrate 1 1 and the quantum well 12, respective undoped 
gallium nitride layers 14 and 15 on each surface of the quantum well 12, and ohmic 
contacts 16 and 17 in a vertical geometry orientation. 

The silicon carbide substrate 1 1 is preferably selected from among the 3C, 4H, 
6H, and 15R polytypes, and most preferably is the 6H polytype. The substrate is most 
preferably formed according to the growth techniques set forth in commonly assigned 
(or licensed) U.S. Patents No. Re. 34,861 (4,866,005). 

The conductive buffer 1 3 is preferably formed to have the structure, and 
incorporating the methods, set forth in co-pending and commonly assigned pending 
International Application No. PCT/US98/21 160 (International Publication No. 
WO 99/18617), "Group III Nitride Photonic Devices on Silicon Carbide Substrates 
with Conductive Buffer Interlayer Stmcture." 
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As noted above, a silicon carbide substrate has a better lattice match with 
Group ni nitrides than does sapphire. Furthermore, Group in nitrides are in tension 
on silicon carbide whereas they are in compression on sapphire. As used in this art, 
"tension" refers to the relationship in which the coefficient of thermal expansion of an 
epitaxial layer is higher than that of its substrate. "Compression" refers to the 
alternative relationship in which the coefficient of thermal expansion of an epitaxial 
layer is lower than that of its substrate. As between Group HI nitride layers and 
silicon carbide substrates, the differences in the lattice constants (those of the nitrides 
are higher than those of silicon carbide) add to the compression, but the overall 
tension tends to be dominated by the respective coefficients of thermal expansion. In 
this regard, there are almost no reports of InGaN growth on an epilayer that is under 
tension. 

As known to those familiar with electronic stmctures, a quantum well is 
typically formed of one or several thin layers of a semiconductive material that has 
active layers that are very thin. In particular, when the thickness of the active layer is 
reduced to the order of the deBroglie wavelength of the carrier, the result is a series of 
discrete energy levels that have the bound state energies of a finite square well. See, 
Sze Physics of Semiconductor Devices, 2d Ed. (1981) at pp. 127 and 729. As 
recognized by those familiar with such structures, the use of single or multiple 
quantum wells increases the electron density in the desired transitions and thus 
produces increased brightness in the resulting emissions. 

Taken in more detail, the silicon carbide substrate 1 1 is n-type, and a first 
layer of n-type gallium nitride 20, typically doped with silicon, is on the conductive 
buffer layer 13 and borders the (second) undoped layer of gallium nitride 14 referred 
to above. 

The preferred structure also includes a first layer of undoped aluminum 
gallium nitride 21 on the other undoped gallium nitride layer 15 which is the third 
gallium nitride layer overall. A second layer of aluminum gallium nitride 22 that is p- 
type (preferably doped with magnesium) is on the first undoped layer 21 . A p-type 
gallium nitride layer 23, the fourth gallium nitride layer overall, completes the device 
and is preferably doped with magnesium. As Figure 1 illustrates, an ohmic contact 16 
is made to the conductive silicon carbide substrate and another ohmic contact 17 is 
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made to the p-type gallium nitride layer 23. In preferred embodiments, the ohmic 
contact 16 to the substrate 1 1 comprises nickel (Ni) and the ohmic contact 17 to the p- 
type gallium nitride layer 23 is formed of platinum (Pt). Other metals can be used for 
the ohmic contacts provided, of course, that they have the appropriate ohmic 
5 characteristics with respect to the layers they contact, and that they provide an 
appropriate chemical and physical attachment to the respective layers. 

In preferred embodiments, the indium gallium nitride quantum well 12 is 
intrinsically n-type, and can comprise a single (SQW) or a multiple quantum well 
(MQW). 

10 Each of the layers ofTers particular advantages in the overall stmcture of the 

invention. As noted above, the n-type silicon caifoide substrate has a much higher 
thermal conductivity than sapphire, provides a much better lattice match with Group 
III nitrides than does sapphire, and its conductive characteristics make it ideal for a 
vertical device. 

15 The conductive buffer layer 13 serves the purposes set forth in WO 99/1 86 1 7» 

as referred to above. In its basic function, the conductive buffer layer 13 provides an 
advantageous crystal transition from the silicon cari^ide substrate to the gallium 
nitride layers 20 and 14, and its conductive characteristics complement and enable the 
vertical geometry of the device. 

20 The first gallium nitride layer 20, together with the conductive buffer 1 3, have 

a total thickness of about 1.8 microns. The conductive buffer layer 13 and the gallium 
nitride layer 20 are preferably grown under a hydrogen (H2) atmosphere at a 
temperature of about 1040°C in preferred circumstances. The n-type gallium nitride 
layer 20 should be thick enough to minimize defects propagated from the interface 

25 between the silicon carbide substrate 1 1 and the conductive buffer 13, and to planarize 
the overall surface. If the layer is too thin, it empirically appears to affect the 
wavelength uniformity of the device. 

The undoped gallium nitride layer 14, which in the preferred embodiment is 
the second gallium nitride layer overall, has been demonstrated to increase the 

30 brightness and the emission uniformity of the device. Although this remains an 
empirical result to date, and applicants do not wish to be bound by any particular 
theory, it appears that the undoped gallium nitride layer 14 (which is grown imder a 
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nitrogen atmosphere) tends to trap or bury hydrogen so that it does not later affect the 
InGaN quantum well which must be isolated from nitrogen. The use of the undoped 
gallium nitride layer 14 also eliminates any growth stop that would otherwise be 
required because it is grown in the same nitrogen (N2) atmosphere in which the 
5 InGaN quantimi well is later grown. When a growth stop is scheduled during the 
manufacture of these typos of devices, the interface between the layers grown before 
and after the stop can tend to degrade. 

Alternatively, the imdoped gallium nitride layer 14 may simply help release 
the strain that has been built up between the silicon carbide substrate and the Group 
10 III nitride layers thereon. As noted above, the undoped gallium nitride layer 14 is 

grown under a nitrogen atmosphere (as opposed to the n-type predecessor layer 20 of 
gallium nitride that was grown under a hydrogen atmosphere) and preferably at 
temperatures of between about 750° and SOO^'C to a total thickness of about 200 
angstroms. 

15 The indium gallium nitride quantimi well 12 can be a single or multiple 

quantum wells and is typically grown to a thickness of between about 20 and 30 
angstroms at temperatures of between about 750° and 800°C under the same nitrogen 
atmosphere as the undoped gallium nitride layer 14. The quantimi well is, of course, 
the active layer of the device and produces the desired output. From a functional 

20 standpoint, the quantum well 12 should be "pseudomorphic" or "metastable''; z.e., thin 
enough to avoid crystal defects that would tend to appear in thicker layers of the 
otherwise similar or identical material. 

As well known to those familiar with Group HI nitrides, the band stmcture and 
thus the emission of the quantum well differs depending upon the amount of indium 

25 in the ternary compound, see e.g., U.S. Patent No. 5,684,309 at Figures 10 and 1 1 and 
ColunMi 7, lines 19-42, which are illustrative, but not limiting, of this characteristic. 
For blue LEDs, the mole fraction of indium is about 35 percent while for green LEDs 
the mole fraction of indium is somewhat higher, preferably between about 50 and 55 
percent. The devices can thus be designed to emit at specific wavelengths by 

30 controlling the mole fraction (or mole percentage) of indium in the ternary InGaN 
compound. Larger fractions of indium tend to be more unstable than smaller 
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fractions, however, and thus this characteristic is typically considered in selecting a 
desired or optimum composition for the quantum well(s). 

The third overall gallium nitride layer 15 is the other undoped gallium nitride 
layer bordering the quantum v^^ell 12 and serves to protect the InGaN quantum well 12 

5 from any exposure to hydrogen or high temperatures during the crystal growth 
processes. The upper undoped gallium nitride layer 15 is likewise grown in a 
nitrogen atmosphere for the purpose of protecting the quantum well 12 from exposure 
to hydrogen. Additionally, the gallium nitride layer 15 protects the InGaN quantum 
well 12 from exposure to high temperatures, it being recognized that at about 950^C 

10 or above, InGaN decomposes. 

The undoped aliuninum galUum nitride layer 21 has a generally higher crystal 
quality than doped AlGaN and along with the undoped gallium nitride layer 15 helps 
protect the InGaN quantum well from exposure to either higher than desired 
temperatures or exposure to hydrogen. The undoped AlGaN layer 21 is grown in a 

15 nitrogen atmosphere. 

In general, a hydrogen atmosphere produces higher quality layers of GaN and 
AlGaN, but affects InGaN detrimentally. Thus, wherever possible, growth is carried 
out in the hydrogen atmosphere, changing to the nitrogen atmosphere to successfiilly 
grow the InGaN quantum well and its adjacent layers. 

20 Both the undoped gallium nitride layer 15 and the undoped aluminum gallium 

nitride layer 21 are relatively thin. The gallium nitride layer 15 is on the order of 20- 
30 angstroms and is grown at a temperature of between about 750° and 800°C. The 
imdoped aluminum gallium nitride layer 21 has a thickness of between about 30 and 
50 angstroms, and is grown at temperatures of about 800° to 850°C. 

25 The p-type aluminum gallium nitride layer 22 is somewhat thicker, on the 

order of about 200 angstroms and is grown in a hydrogen atmosphere at temperatures 
above about 900°C. It provides a high-quality crystal layer to the overall structure 
and provides the holes that are injected into the quantum well to produce the desired 
emission. Finally, the p-type gallium nitride contact layer 23 provides a more 

30 convenient material for the ohmic contact 1 7. As known to those familiar with these 
materials, making an appropriate ohmic contact to aluminum gallium nitride is at least 
difficult, and in many cases impossible. 
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The growth gases for the various layers are straightforward. Silane (SiH4) 
trimethylgallium ((CH3)3Ga) and ammonia (NH3) are used to form the n-type gallium 
nitride layer 20. Triethylgallium ((C2H5)3Ga) can be used in place of 
trimethylgallium as may be desired. Similarly, indium and aluminum are provided 
5 using trimethylindium ((CH3)3ln) or trimethylaluminum ((CH3)3A1) as the source 
gases. Ammonia is likewise the preferred source gas for the nitrogen for each of the 
layers. 

As noted above, in the preferred embodiments, the conductive buffer layer 13 
and the first GaN layer 20 are grown in a hydrogen atmo^here that facilitates their 

10 growth and desired characteristics. This growth under H2 is indicated by the arrow 25 
in Figure 1 . The second GaN layer 14, the InGaN quantum well 12, the third GaN 
layer 15, and the first AlGaN layer 21 are then grown imder a nitrogen atmosphere 
and preferably without a growth stop. Finally, the second AlGaN layer 22 and the 
fourth GaN layer 23 are grown under a hydrogen atmosphere, and again preferably 

15 without a growth stop. In this manner, the InGaN quantum well 12 as well as the 

layers bordering it are all grown without a growth stop, because the changeover firom 
hydrogen to nitrogen atmosphere occurs at the undoped GaN layer 14, and the 
corresponding changeover from nitrogen back to hydrogen occurs after the undoped 
AlGaN layer 21 . As known to those familiar with crystal growth — and specifically 

20 CVD epitaxial growth — ^techniques, the continuous growth process tends to produce 

4 

noticeably better interfaces between epitaxial layers than do growth processes that 
include stops. In this maimer, the stmcture of the LED according to the invention 
enhances the growth technique and the continuous growth technique enhances the 
resulting performance of the LED. 

25 In preferred embodiments, the silicon carbide substrate 1 1 is "back 

implanted." As background, temperatures of 930°C (at least) are required to obtain an 
ohmic contact on n-type silicon carbide that is typically doped at between about 6E17 
and 2E18 in LEDs. Such temperatures do not generally adversely affect gallium 
nitride, but tend to degrade or destroy the indium gallium nitride quantum well 12. 

30 Accordingly, in order to obtain a good ohmic contact to silicon carbide at lower 
temperatures, the silicon carbide substrate 1 1 is highly doped on the back side, a 
technique that enables an appropriate ohmic contact to be formed at temperatures of 
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as low as 800^C with the expectation being that temperatures as low as 750°C can 
similarly be obtained. 

The highly doped back side of the silicon carbide substrate 1 1 is preferably 
doped by ion implantation, although other techniques such as a laser anneal or even a 
5 thin epitaxial layer (which can be impractical under many circumstances) could also 
be used. By way of example rather than limitation, the silicon carbide substrate 1 1 is 
normally doped at about 1.2 E18(l. 2x10*^ cm'"'), and the implanted part reaches a 
concentration of about 1 E 20 (1 x 10^° cm'^). 

Accordingly, in another aspect, the invention comprises the method of 

10 producing the vertically oriented light emitting diode of the invention. In this aspect, 
the invention comprises successively growing a conductive buffer layer and an n-type 
gallium nitride layer in a hydrogen atmosphere on an n-type silicon carbide substrate. 
Thereafter, successive layers are grown of thin imdoped gallium nitride, the indium 
gallium nitride quantum well, a second thin layer of undoped gallium nitride, and a 

15 thin layer of undoped aluminum gallium nitride in a nitrogen atmosphere. The 

technique is completed by thereafter successively growing a layer of p-type aluminum 
gallium nitride and a layer of p-type gallium nitride in a hydrogen atmosphere. The 
ohmic contacts can then be added to the p-type gallium nitride layer and to the silicon 
carbide substrate with preferred embodiments including the step of increasing the 

20 doping of the silicon carbide substrate at the portion where the ohmic contact is added 
in the maimer just described; z.e., preferably by ion implantation. The sources gases 
are those mentioned Sbove. 

As indicated by the source gases, the preferred technique for growth of these 
layers is chemical vapor deposition (CVD). Such techniques are very well understood 

25 in this art. The nature of CVD, and of individual CVD equipment, is nevertheless 
such that individual gas flow rates, temperatures, reactor pressures, time periods, and 
other process parameters must generally be determined based upon particular 
equipment and circumstances. Given the composition of the layers as described 
herein, including the thicknesses of each layer, and the preferred growth temperature 

30 ranges, those of ordinary skill in this art will be able to replicate the disclosed process 
and the resulting stracture without undue experimentation. 
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Figures 2 through 6 illustrate some of the demonstrated advantages of diodes 
designed and manufactured according to the present invention. Figure 2 illustrates 
that the quantum efficiency of LEDs according to the present invention are at least as 
good as several others formed on sapphire substrates. Furthermore, the vertical 
device provides a much smaller chip than do equivalent sapphire based devices, while 
producing the same output. For example, sapphire based devices evaluated for 
comparative purposes herein (e.g. Figures 2, 3, and 4) are 14 mil x 14 mil (196 mil^) 
while those according to the present invention (and providing the same brightness) are 
10 mil X 10 mil (100 mil^); i.e. only 57 percent as large. 

Figure 3 illustrates that LEDs according to the present invention maintain a 
more consistent color over a range of forward currents than do devices formed on 
sapphire. As Figure 3 shows, the sapphire-based LEDs tend to emit in or near the 
yellow portion of the spectrum at low forward current (e.g., 544 nm at 2 milliamps) 
while the LEDs according to the invention remain in the green region (531 nm at 2 
mA). 

Figure 4 shows that SiC-based LEDs according to the present invention 
exhibit narrower emissions (purer colors) at desired wavelengths; /.e., at each 
measured wavelength, the full width at half maximum (FWHM) for the SiC-based 
LEDs is at least about 5nm less than that of the sapphire-based diodes. 

Figures 5 and 6 show that both green (525 nm) and blue (470 nm) LEDs 
according to the present invention provide excellent current characteristics under 
forward bias voltage. 

In use, the diodes of the present invention can be used to provide both pixels 
and displays that incorporate red, green and blue LEDs. 

In the drawings and specification, there have been disclosed typical 
embodiments of the invention, and, although specific terms have been employed, they 
have been used in a generic and descriptive sense only and not for purposes of 
limitation, the scope of the invention being set forth in the following claims. 
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Claims: 

1 . A vertical geometry light emitting diode that is capable of emitting light in 
the red, green, blue, violet and ultraviolet portions of the electromagnetic spectrum, 
said light emitting diode comprising: 

a conductive silicon carbide substrate; 
an InGaN quantum well; 

a conductive buffer layer between said substrate and said quantum well; and 
a respective undoped gallium nitride layer on each surface of said quantum 
well; and 

ohmic contacts in a vertical geometry orientation. 

2. A vertical geometry light emitting diode according to Claim 1 and further 
comprising a doped layer of gallium nitride between said buffer and said imdoped 
gallium nitride layer. 

3. A vertical geometry light emitting diode according to Claim 2 and further 
comprising: 

an undoped layer of aluminum gallium nitride on the surface of said undoped 
gallium nitride layer on said quantum well that is opposite from said substrate and 
buffer; and 

a doped layer of aluminum gallium nitride on said undoped aluminum gallium 
nitride layer. 

4. A vertical geometry light emitting diode according to Claim 3 and further 
comprising a doped galUum nitride layer on said doped aluminum gallium nitride 
layer. 

5. A vertical geometry light emitting diode according to Claim 4 wherein: 
said substrate, said buffer layer and said gallium nitride layer adjacent said 

buffer are all n-type; and 

said doped layer of aluminum gaUium nitride and doped layer of gallium 
nitride thereon are p-type. 
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6. A vertical geometry light emitting diode that is capable of emitting light in 
the red, green, blue, violet and ultraviolet portions of the electromagnetic spectrum, 
said light emitting diode comprising: 

an n-type silicon carbide substrate; 

an n-type conductive buffer layer on said substrate; 

a first layer of gallium nitride on said conductive buffer layer that is n-type; 
a second layer of gallium nitride on said first gallimn nitride layer that is 
undoped; 

an indium gallium nitride quantum well on said second gallium nitride layer; 
a third layer of gallium nitride on said quantum well that is undoped; 
a first layer of aluminum gallium nitride on third gallium nitride layer that is 
undoped; 

a second layer of aluminiun gallium nitride layer that is p-type on said first 
aluminum gallium nitride layer; 

a fourth gallium nitride layer that is p-type on said second aluminum gallium 
nitride layer; 

an ohmic contact to said substrate; and 

an ohmic contact to said gallium nitride layer. 

7. A vertical geometry light emitting diode according to Claim 6 wherein said 
ohmic contact to said substrate comprises nickel and said ohmic contact to said p-type 
gallium nitride layer is platinum. 

8. A vertical geometry light emitting diode according to Claim 6 wherein said 
conductive buffer layer is n-type aluminum gallium nitride. 

9. A vertical geometry light emitting diode according to Claim 6 wherein said 
quantum well is intrinsically n-type. 

10. A vertical geometry light emitting diode accofding to Claim 1 or Claim 6 
wherein said quantum well is a multiple quantum well. 
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1 1. A vertical geometry light emitting diode according to Claim 6 wherein 
said first gallium nitride layer.is doped with silicon. 

12. A vertical geometry light emitting diode according to Claim 6 wherein 
5 said fourth gallium nitride layer and said second aluminum gallium nitride layer are 

doped with magnesium. 

13. A pixel that includes a light emitting diode according to Claim 1 or Claim 

6. 

10 

14. A display that includes a plurality of pixels according to Claim 13. 

15. A light emitting diode comprising: 
a silicon carbide substrate; and 

15 an active layer formed of an indium gallium nitride quantum well; 

characterized by a combination of peak emission and fiill width at half 
maximum selected from the group consisting of: 

(1) 470 nanometers with a full width at half maximum of 25 nanometers or 

less, 

20 (2) 505 nanometers with a full width at half maximum of 29 nanometers or 

less, and 

(3) 525 nanometers with a full width at half maximum of 35 nanometers or 

less. 

25 16. A light emitting diode comprising: 

a silicon carbide substrate; and 

an active layer formed of an indium gallium nitride quantum well; 

characterized by a combination of dominant wavelenght and forward current 
selected from the group consisting of: 
30 (1) a dominant wavelength of 53 1 nanometers at a forward current of 2 

milliamps. 
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(2) a dominant wavelength of 529 nanometers at a forward current of 5 
milliamps, ~ 

(3) a dominant wavelength of 527 nanometers at a forward current of 10 
milliamps, 

(4) a dominant wavelength of 525 nanometers at a forward current of 20 
milliamps, and 

(5) a dominant wavelength of 523 nanometers at a forward current of 30 
milliamps. 
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